The normal embryogenesis of marine animals is typically confined to a species-specific range of 21 temperatures. Within that temperature range development results in a consistent, or canalized, phenotype,
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151
To examine whether early stages are susceptible to TD we fixed subsets of dechorionated broods 152 at 1 hr. intervals and scored them for normal cleavage stage morphology (Fig. 2D ). Through 6 hrs. of 153 development minor deviations from normal morphology were observed in broods at 21 -24°C. At 25°C   154   225  226  227  228  229  230  231  232  233  234  235  236  237  238  239  240  241  242  243  244  245  246  247  248  249  250  251  252  253  254  255  256  257  258  259  260  261  262  263  264  265  266  267  268  269  270  271  272  273  274  275  276  277  278  279  280 nearly all embryos from 2 hrs. on exhibited highly abnormal cleavage. Developmental rate is positively 155 related to temperature, so at 25°C the embryos reach the 32-cell -64-cell stages by 3 hrs., as compared 156 with 16-cells at 18°C. Mean percentages of normal morphology were significantly different (2-tailed t-157 test) between 24 and 25°C at the 2 and 3 hr. time points. These data indicate that, at least up to 3 hours, 158 development is resistant to TD relative to later stages, since embryos reared at 24°C, which will result in a 159 high percentage of abnormal larvae, have largely morphologically normal early cleavage patterns.
160
Because of high variance within the high temperature broods at other time points the differences between 161 temperature conditions are not statistically significant.
163
Effects on cell type specification 164 It was observed that even in batches of high temperature embryos in which a very high proportion
165
of extremely deformed larvae are produced, most of them express pigment spots in the two melanocytes 166 located in the sensory vesicle (Figs. 1 & 3) . The melanin pigment in these cells does not appear until late 167 in embryogenesis (Stages 23-25; Hotta, 2007) suggesting that the melanocyte cell type specification 168 pathway, is not disrupted throughout development. To test whether other cell type specification pathways 169 were intact or disrupted in TD embryos, histochemical assays for other cell type-specific markers were 170 performed.
171
In control early and late tailbud embryos alkaline phosphatase (AP) histochemistry resulted in 172 endodermal staining in the trunk, as expected ( Fig 4A,B) . Similarly, AP expression is apparent in the stereotypical morphology of a Type I embryo ( Fig. 5A ). It is important to note that these embryos were 185 reared from parents collected in late October, when seawater temperatures were lower than for the 186 experiments described above. Similar levels of TD were observed at 22°C in these broods as were only 187 obtained at 24°C for the summer experiments. 
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7E',F', arrowheads) but the notochord extension fails, resulting in lack of tail outgrowth.
208
As noted previously, melanized pigment cells form even in Type IV embryos ( Fig. 7F , G, 209 arrows). However, in the disorganized trunks of Type III and IV embryos the cells are often found in 210 anomalous positions, such as the posterior locations in Fig. 7E and 7G. Many TD embryos form two 211 sensory cells, and in some cases it is apparent that differentiation between the two cell types, otolith and 212 ocellus has occurred (e.g. Fig. 7E , single vs. double arrows).
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Pyramidal anterior epidermal thickenings are present in some severely abnormal Type III and IV 222   337  338  339  340  341  342  343  344  345  346  347  348  349  350  351  352  353  354  355  356  357  358  359  360  361  362  363  364  365  366  367  368  369  370  371  372  373  374  375  376  377  378  379  380  381  382  383  384  385  386  387  388  389  390  391  392 The finding that normal embryogenesis is maintained over a wide temperature range (i.e. is 223 canalized), but falls off sharply near the maximum local temperature suggests that this canalization is an 224 adaptation to the local temperature regime (cf. Figs. 1 & 2) . Anecdotally, C. intestinalis from more 225 northern locations have a lower temperature maximum for normal development (T. Meedel, personal 226 communication) indicating that different populations are locally adapted with respect to temperature.
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Ciona sp. has also been reported from tropical locations (Dybern, 1965) , with water temperatures higher 228 than the maximum found in our study. It may be that the tropical populations breed in the winter, and not 229 in summer, as is the case for C. robusta in the Mediterranean (Caputi et al., 2015) . If that is the case, and 230
given that both C. robusta and C. intestinalis are generally described as temperate or cold water species, 231 there may be some intrinsic constraint to adaptation for development at temperatures higher than about 232 25°C.
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It is also likely that within a population the temperature maximum is plastic depending on the 234 temperature profile experienced by the adults during gametogenesis. In fact, we found that embryos 235 derived from parents collected in late October 2018 had an approximately 2°C lower high temperature 236 threshold than those from parents collected in June-July 2018, although precise quantification of this 237 seasonal plasticity was beyond the scope of this study. A similar seasonal difference in the optimal range 238 for embryogenesis was observed for C. savignyi in Japanese waters near Tokyo (Nomaguchi et al., 1997) .
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In terms of cellular stress and temperature maxima, Sato et al. (2015) have shown that locally 240 sympatric C. intestinalis and C. robusta have different, genetically programmed, high temperature 241 thresholds for normal development. That study focused on cellular temperature stress, showing that 242 endoplasmic reticulum related chaperones have different expression profiles in the different species. We 243 did not assay for cell stress in this study, but our previous work showed significant upregulation of stress-244 related proteins, such as Hsc71 and glutathione peroxidase, in adult ovaries of animals from the same 245 population acclimated to 22°C vs. those at 18°C (Lopez et al., 2017) . Based on the above, it can be 246 assumed that embryos are experiencing a cellular stress response at temperatures approaching the 247 developmental maximum.
248
One aspect of the experimental design that should be pointed out, is that for these experiments 249 gametogenesis occurred in adults acclimated to temperatures at or below the control temperature of 18°C, 250 while the eggs used were equilibrated to the experimental temperatures for a relatively short time of 1-3 251 hours before fertilization. It is likely that these eggs mount a heat shock response due to the rapid 252 temperature change, which could affect embryogenesis. On the other hand, in our experience once 253 temperatures in the field reach the upper range tested here, embryos from gametes of parents acclimated 254 at field temperatures exhibit poor development, even when reared at control temperatures. Therefore, it is 255   393  394  395  396  397  398  399  400  401  402  403  404  405  406  407  408  409  410  411  412  413  414  415  416  417  418  419  420  421  422  423  424  425  426  427  428  429  430  431  432  433  434  435  436  437  438  439  440  441  442  443  444  445  446  447 289   449  450  451  452  453  454  455  456  457  458  459  460  461  462  463  464  465  466  467  468  469  470  471  472  473  474  475  476  477  478  479  480  481  482  483  484  485  486  487  488  489  490  491  492  493  494  495  496  497  498  499  500  501  502  503  504 signals (Darras and Nishida, 2001b; Nakatani and Nishida, 1994 
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Epidermis is derived from animal hemisphere blastomeres, and all TD embryos in our tests 297 produced a single layered epithelium morphologically similar to that of the epidermis of controls (cf. Fig. 
298
7A/A' and 7G/G'). Reverberi (1971) showed that isolated a4.2 cell quarter embryos make an epidermal 299 epithelium, so this aspect of epidermal specification is already established early in cleavage (Satoh, 300 1994). Therefore, the formation of a complete epidermal epithelium may be an intrinsic property of 301 prospective epidermis, remaining operative in abnormal TD embryos.
302
The sensory palps are derived from ectodermal lineages and are visible as groups of columnar 303 cells in the epithelium of late tailbud embryos ( Fig. 7A'', open arrowhead) . Type II and III TD embryos 
310
Overall, basic cell type specification is accomplished in all types of TD embryos. This finding 311 indicates that spatial relationships between cells are intact to the extent that the necessary segregation of 312 cytoplasmic determinants and cell-cell interactions required for cell type specification can occur. It is also 313 possible that regulative processes can compensate for some aspects of TD. As a general pattern, it appears 314 that, given the conditions of our experiments, early stages through the gastrula are less disrupted than later and shape of cells varies, apparently randomly (e.g. Fig. 6B, Fig. 6D-E) . These abnormalities will 323   505  506  507  508  509  510  511  512  513  514  515  516  517  518  519  520  521  522  523  524  525  526  527  528  529  530  531  532  533  534  535  536  537  538  539  540  541  542  543  544  545  546  547  548  549  550  551  552  553  554  555  556  557  558  559  560  561  562  563  564  565  566  567  568  569  570  571  572  573  574  575  576  577  578  579  580  581  582  583  584  585  586  587  588  589  590  591  592  593  594  595  596  597  598  599  600  601  602  603  604  605  606  607  608  609  610  611  612  613  614  615  616 In terms of trunk morphogenesis, the observations show progressively more disruption of the 357 anatomical organization of the nervous system, pharynx, and endoderm. In Type II embryos, the 358 stomodeum and sensory vesicle are similar to controls. Type III and IV embryos do not have clearly 359 discernable stomodaea or sensory vesicles. Obvious consistent patterns to the TD trunk phenotype were 360 not observed, suggesting stochastic misalignments by the gastrula stage become amplified as 361 morphogenesis proceeds. Fluorescently labeled markers followed in live embryos would help to (Wilson et al., 2016; Wilson and González-Billault, 2015) . Damage to the actin/tubulin 370 cytoskeleton might affect the polarization and shape of cells in the nascent notochord, in turn causing 371 defects such as those seen in TD embryos. Consistent with this notion is the finding that changes to 372 cytoskeletal protein expression are among the most common in a proteomic survey of C. robusta 373 subjected to heat shock conditions (Serafini et al., 2011; Tomanek, 2015) . Definitive explanations of the 374 mechanisms of TD effects will depend on more detailed examination of TD defects at a cellular level.
375
Other direct or indirect effects of temperature might be revealed by high-throughput RNA-seq at 376 the tissue or single cell level. This kind of assay would show the extent to which transcriptional regulation 377 is disrupted by temperature, either through misallocation of cytoplasmic factors during cell division, or 378 disruption of normal cell-cell signaling. It is likely that full characterization of TD will depend on a 379 combination of transcriptomic, proteomic, and cytoanatomical approaches.
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Type II kinked tail
Trunk similar to Type I; tail with 20 notochord cells but shorter due to partial failure of extension, and with abnormal kink(s) Type III deformed tail Failure to progress to normal late stage trunk morphology; notochord cells fail to fully extend, resulting in much shorter curled tail
Type IV globular
Highly anomalous trunk morphology, including abnormal position of pigment cell(s), lack of clear sensory vesicle, abnormal overall shape; complete failure of extension of notochord cells result in disorganized tail anatomy 622 623 624 625 
